Introduction
The most extensive 'engineering' of proteins has occurred during the process of natural selection in the evolution of living organisms. Therefore, it seems appropriate to learn from nature and establish rules by the careful comparison of divergently evolved families of protein structures, This can be achieved through the multiple alignment of amino acid sequences to identitY conserved residues, followed by superposition of known threedimensional structures of family members to identitY conserved conformations or motifs (Sutcliffe et aI., 1987a) . Indeed, the comparison of three-dimensional structures and subsequent homology (or knowledge-based) modelling of different families of proteolytic enzymes, e.g. neutral proteases (Eijsink et aI., 1990; Signor et aI., 1990) , aspartic proteases (Abad-Zapatero et aI., 1990; Blundell et aI., 1990; Weber, 1990) , cysteine proteases (Bazan and Fletterick, 1988; Gorbalenya et aI., 1989) and trypsin-like serine proteases (Greer, 1981 (Greer, , 1990 , has demonstrated that functionally significant regions of related proteins can be modelled with high accuracy.
Serine proteinases (EC 3.4.21. -) are of extremely widespread occurrence and diverse function. Although many distinct families of serine proteases seem to exist, the two best-studied ones are the (chymo)trypsin and subtilisin (EC 3.4.21.14) families. As shown below, these two families are often incorrectly refered to as the mammalian and microbial serine proteinases, or the eukaryotic and prokaryotic serine proteinases. These families are distinguished by a highly similar arrangement of catalytic His, Asp and Ser residues in radically different β/β (trypsin) and am (subtilisin) protein scaffolds. The well-known (chymo)trypsin family has numerous members (e.g. chymotrypsin, trypsin, elastase, plasmin, thrombin, kallikrein, factor IX, tPA), which are found in procaryotic and eucaryotic micro-organisms, invertebrates and vertebrates (Rogers, 1985; Irwin et al., 1988; Greer, 1990) . They exhibit widely varying degrees of sequence similarity, but display a high level of tertiary structure conservation of the catalytic domain (Greer, 1990) .
Until recently, far fewer members of the subtilisin-like family were known and previously they appeared to be limited to microorganisms. Only the three-dimensional structures of subtilisin BPN' /Novo from Bacillus amyloliquefaciens (Hirono et aI., 1984; McPhalen et aI., 1985; McPhalen and James, 1988; Bott et al., 1988) , subtilisin Carlsberg from B.licheniformis (Bode et aI., 1986 (Bode et aI., , 1987 McPhalen and James, 1988) , thermitase from Thermoactinomyces vulgaris (Gros et aI., 1989a (Gros et aI., ,b, 1991 Teplyakov et al., 1990) and proteinase K from Tritirachium album (Betzel et al., 1988b,c) , each consisting of~275-280 residues, have been reported. The coordinates of an alkaline protease with extremely high pH optimum from Bacillus alcalophilus will soon be available (Sobek et aI., 1990) . Their secondary structure elements and overall folding are very similar despite considerable differences in amino acid sequence. Subtilisins have considerable industrial importance as a proteindegrading component of washing powders; they have been extensively studied and engineered in the past decade to provide insight into both their stability and the mechanism and specificity of enzyme catalysis (reviewed by Wells and Estell, 1988) .
In the past few years many new subtilisin-like serine proteinases have been found in archaea, bacteria, fungi, yeasts and even in higher eukaryotes (Table I) . In this article we compare the amino acid sequences of all known subtilisin-like enzymes, which we pr.opose to call 'subtilases'. From this multiple sequence alignment and the four known three-dimensional structures we have attempted to identitY the essential framework or core structure of the catalytic domain of all subtilases, together with the variations that are allowed in the main-chain length and in the character of side chains. This information allows us to develop Table I . Continued SCPRBI Moehle.C.M., Tizard,R., Lemmon,S.K., Smart,J. and Jones,E.W. (1987) Mol. Cell. Bioi., 7, 4390-4399 (MI8097 Sohda,M. and Ikehara,Y. (1990) Nucl. Acids Res., 18,6719 (X55660; the sequence of rat turin differs in 49 positions, including three in the catalytic domain: A 15E, Y21 F, H24R). HSIPC2 Smeekens,S.P. and Steiner,D.F. (1990) J. Bioi. Chem., 265, 2997-3000 (J05252) . Seidah,N.G., Gaspar,L., Mion,P., Marcinkiewicz,M., Mbikay,M. and Chretien,M. (1990) DNA Cell Bioi., 9, 415-424 protein-engineering strategies for each of the subtilases, aimed at modulating either stability, catalytic activity or substrate specificity.
Materials and methods

Comparison of atomic models
Atomic coordinates were obtained from the Brookhaven Protein Data Base for subtilisin BPN' (PDB code 2SNI; McPhalen and James, 1988) , subtilisin Carlsberg (1CSE; Bode et aI., 1987) , thermitase (I TEC; Gros et al., 1989) and proteinase K (2PRK; Betzel et al., 1988a,b,c) . Pairwise superposition of atomic coordinate models (Cα atoms only) was performed using the method of Kabsch (1976) . Secondary structure elements and residue accessibility in the atomic models were analysed with the DSSP program (Kabsch and Sander, 1983) .
Database search
In addition to literature searches, the EMBL (release 26.0), SwissProt (release 17.0) and NBRF/PIR (release 27.0) databases were searched using the program FAST A (Pearson and Lipman, 1988) through the facilities of the CAOS/CAMM Center, Nijmegen, The Netherlands. Consensus sequence segments around the active site residues H64 and S221 were used for this purpose (see Figure   3 ).
Amino acid sequence alignment
Multiple sequence alignment was initially performed using the CLUSTAL program (Higgins and Sharp, 1988) . Next, alignment improvements were made using the SALE program (J .Leunissen, unpublished results), taking into account the known alignment from superposition of three-dimensional structures (see Figure  2 ). The amino acid numbering used throughout this paper corresponds to that of mature subtilisin BPN', our reference sequence. Residues in inserts relative to this reference sequence are numbered in square brackets; for instance, residues inserted between positions 12 and 13 are numbered 12[ + I], 12[+2], etc.
Construction of phylogenetic trees
Distance matrices for all sequences were constructed using the minimum mutation distances (Fitch and Margoliash, 1967) . Only residues of the catalytic domain (see Figure 3) were used in the calculations. Phylogenetic trees were constructed using the program FITCH (Felsenstein, 1990) , according to the method of Fitch and Margoliash (1967) , modified to disallow negative branch lengths (Prager and Wilson, 1978) . The program employs local and global branch swapping to find the minimum length tree. It was run several times, using different (random) input orders, to overcome any dependency on the input order of the minimum tree found. All runs found the same minimum-length tree. The programs KITSCH (Felsenstein, 1990) , UPGMA (Sneath and Sokal, 1973; J.Miller, personal communication) and NJTREE (Saitou and Nei, 1987; J.Miller, personal communication) all produced trees which reflected the general topology as calculated from FITCH, with only minor differences in the branching pattern. The tree was rerooted prior to printing with TREEMOVE (J,Leunissen, modified after DNAMOVE, Felsenstein, 1990) and was printed using DRA WGRAM (Felsenstein, 1990) ,
Results
Comparison of known three-dimensional structures
The Cα atoms of subtilisin BPN', subtilisin Carlsberg, thermitase and proteinase K were superimposed to obtain a maximal overlap of the backbone structures (Figure lA) , Large parts of all four structures overlap very well, The results of detailed pairwise superpositions are summarized in Figure 2 , in which the sequence alignment shown corresponds to structural equivalence of the Cα atoms, Topologically equivalent residues which have Cα-atom distances of < 1.7 A are defined as the core or 'structurally conserved regions', abbreviated SCRs (Greer, 1990) .
In the comparison of all four structures together we can identify 194 structurally equivalent core residues in this way, assuming a minimum of three consecutive core residues (black bars in Figure 2 ). External helices, such as hD, hE, hG and the end of hF, which are slightly shifted or rotated relative to each other such that not all Cα atoms are within 1.7 A, are also included in the core, since the helices are clearly structurally equivalent ( Figure IB) . Table II shows the root-mean-square deviation values for the pairwise superposition of these 194 Cα atoms, together with the percentage amino acid sequence identity of the corresponding residues. A clear correlation is seen between these two parameters, which indicates that higher sequence identity corresponds to a closer overlap of main-chain atoms in the core (Chothia and Lesk, 1986) .
When only the subtilisin BPN', subtilisin Carlsberg and thermitase structures are superimposed the number of structurally equivalent Cα atoms increases to 232 (or~85 % of all Cα atoms), which we refer to as the 'extended core' (black and white bars in Figure 2 ). This distinction between core and extended core SCRs is of relevance for homology modelling, since the 722 family of subtilases can be subdivided into two main classes, I and II, as discussed below,
The common secondary structure elements in all four enzymes are also shown in Figure 2 , We see that the core contains virtually all of the common α-helix and β-strand elements, including the active site residues D32, H64 and S221 which are located at the ends of β-strand e1 and the helices hC and hF respectively, Highly detailed comparisons of pairs of three-dimensional structures have been presented recently: subtilisins BPN' and Carlsberg (Bode et al., 1987; Me Phalen and James, 1988) , subtilisin BPN' and thermitase (Teplyakov et al., 1990) , subtilisin Carlsberg and thermitase (Frommel and Sander, 1989 ) and thermitase and proteinase K (Betzel et al., 1990) ,
The connections between core segments can differ considerably between members of the family, both in length and in amino acid sequence, We refer to these connections as 'variable regions' or VRs, The VRs nearly always correspond to connecting loops between helices and β-strands and generally lie on the external surface of the protein, The structural non-equivalence of these loops may result from amino acid additions or deletions, or they may result from loop flexibility or thermal motion (Gros et al, , 1990) ,
We assume that the structurally conserved core as defined above will usually be conserved in other homologous members of the subtilase family, as has been observed in other protein families (Chothia and Lesk, 1986 ). This structural framework can then be used for homology modelling of subtilases of known primary structure but unknown three-dimensional structure.
Identification of subtilase family members
An extensive search of scientific and patent literature and databases was performed to identify new subtilisin-like serine proteases, and the main results are summarized in Table I.  Additional variants are described in the footnotes to the table, At present, >40 complete amino acid sequences of subtilisinlike proteinases (=endopeptidases) are known, and most are derived from the corresponding gene or eDNA sequences. Most recently, a human tripeptidyl peptidase was identified as a member of the subtilase family (Tomkinson and Jonsson, 1991) .
In addition, > IO other subtilases, for which only the N-terminal sequences are available, have been identified. The inclusion of the plant enzyme cucumisin is tentative, since only the sequence of an octapeptide with the putative active site serine is known.
Nearly all of the subtilases are synthesized as pre-pro-enzymes, subsequently translocated over a membrane, and finally activated by cleavage of the pro-segment. The known pre-pro-segments range from 27 to 280 residues. A detailed comparison of the prepro-sequences and the putative processing sites of these subtilases is in preparation (R.J. Siezen, unpublished results). Table 1 shows that the (putative) mature enzymes range in size from 268 to 1775 residues. The catalytic domain or module is defined as the segment with sequence homology to subtilisins; it is always located at the N-terminal end, and ranges in size from 268 to 511 residues. The function of C-terminal extensions located after the catalytic domain is generally not clear; some may contain structurally distinct domains with other functions. In one instance (LLSK11), several residues located far from the homologous catalytic domain were also found to affect catalytic activity (Vos et al., 1991) . Occasionally the C-terminal extension contains sequence repeats, and in several cases a membrane anchor sequence can be identified at the extreme C-terminus (Mizuno et al., 1988; Vos et al., 1989; Chen and Cleary, 1990; van de Ven et al., 1990) . In other cases, C-terminal processing occurs and may be required for activation or transport across a second 723 *  *   hhhhhh  hhhhh  tt eeeeee  tt tt  eeeeee  ssshhhhhhhhhh  ssss  sstt   hA  hB  t1  e1  t2 t3  e2  sl  hC  s2  s3t4   90  100  110  120  130  140  150  160  170 Coo-atom distance between 0.8 Å and 1.7 Å; « = = » displaced helix for which most residues have distances of Coo-atoms of <0.8 Å, some> 1.7 Å. and the rest between 0.8 and 1.7 Å. Filled bars indicate core segments (SCRs) with Coo-atom distances < 1.7 Å in all four structures. Open bars indicate additional segments of the 'extended core', based only on BASPN, BLSCAR and TVTHER. Common secondary structure elements in all four X-ray structures are shown as: h = helix, e = extended β-sheet, s = bend and t = β-turn. Exceptions which are not found in TAPROK are hB, hH. s2 and t6.
membrane such as the outer membrane in Gram-negative bacteria (Yanagida et al., 1986; Terada et al., 1990) . In many cases the precise length of the mature, active enzyme is not known due to the fact that the N-terminal and/or C-terminal processing site(s)
have not yet been mapped. Figure 3 shows the amino acid sequence alignment, of the catalytic domains only, of a large number of subtilases to those of the four known structures. The core and extended core SCRs, as defined in Figure 2 , are indicated by bars; the multiple sequence alignment indicates that residues 37, 98 and 99 should be omitted from these SCRs (vide infra). In every enzyme the sequence patterns that are characteristic of most of these SCRs are readily identified, and this facilitates the overall aligning and subsequent homology modelling. The alignments improve as the number of known sequences increases (at the current rate of one or two each month), since characteristic patterns, subclasses and allowed variations become more clear. However, the tripeptidyl peptidase sequence (HSTPP), shown at the bottom of Figure 3 , is quite distinct from all other proteinase sequences: regions around the active site H64 and S221 are readily identified, but the homology at the N-terminus is so low that the SCR around active-site residue D32 cannot be identified, even though several Asp residues occur in this N-terminal region of HSTPP. Therefore, we shall not include it in the following analyses and comparisons. From Figure 3 it is apparent that on the basis of sequence alignment the subtilases can be subdivided into class I and class II, shown above and below the core bars respectively. This distinction is based on characteristic sequence patterns and consensus residues (vide infra), both in SCRs and VRs, that are , These two main classes are particularly clear in a family tree or cladogram (Figure 4 ), a measure of the sequence homology between family members, constructed from the sequence alignment of the catalytic domains in Figure 3 . Not only does the tree clearly depict the distinct class II subtilases, but it also demonstrates a few subtypes within the class I subtilases. The subtilisins from Bacillus strains are found in branch I-S, with a further branching into 'true' subtilisins (branch I-Sl) and highly alkaline proteases (branch I-S2). Branch I-E contains the highly similar pro-hormone processing proteases from yeasts (Fuller et at., 1989) and higher eukaryotes (van de Ven et al., 1990) . Other subclasses should become evident as new sequences become available.
Alignment of primary sequences
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SG------------ST AL BLSCAR ----NVVGGASFVAG E -A YN -----TDGNGHGTHVAGTV AAL-----DNTTGV -LGVAPSVSLYA VKV LN S---SGSGTY SG IVSG I EWATTN ------------GMDVINMSLGG P SG------------STAM BAPB92 ----NI RGGAS FVPG EP ST------QDGNGHGTHVAGTIAAL- ----NNS I GV -LGVAPNAELYA VKV LGA ---SGSGSVSS I AQGLEWAGNN ------------GMHVANLSLGS PSP- -----------SATL
BY S YAB ----RI RGGASFVPG EPNI ------SDGNGHGTQVAGTIAAL-----NNS I GV -LGVAPNVDLYGVKV LGA ---SGSGS I SG IAQG LQWAANN ------------GMHIANMSLGSSAG------------SATM BLS 14 7 ----R I AGGAS F ISS EP SY ------HDNNGHGTHVAGTIAAL-----NNS I GV -LGVAP SADLY A VKV LOR ---NGSGSLASVAQG I EWA I NN ------------NMHI INMSLGSTSG ------------S STL BS EPR ----S IAGG Y SA VSYT SS Y ------KDDNGHGTHVAG
Alignment of class II subtilases is fairly unambiguous due to their high degree of sequence homology, even in most VRs, and the low incidence of insertions/deletions relative to proteinase K. The C-terminal residues from position 240 onwards are the least homologous, but the alignment is still clear. Only three of these class II enzymes have a C-terminal extension beyond the A consensus amino acid occurs in >50% of all sequences; consensus residues in brackets apply either to class I or class II subtilases only, as indicated.
The number of additional residues in large inserts in the catalytic domain, and in C-terminal extensions, are shown in brackets. Each sequence begins at the mature N-terminus, if known; an unknown number of residues is indicated as «) at the N-terminus and as (» at the C-terminus. Partial alignment of the sequence of the human tripeptidyl peptidase (HSTPP) from residue 59 onwards is shown on the bottom line. as a separate class III subtilase.
catalytic domain, Alignment of N-terminal parts of incompletely sequenced serine proteases ( Figure 5 ) indicates that NDAPII, SRESPD and MPTHMY are also class II subtilases.
Alignment of class I subtilases is straightforward for most of the SCRs. However, in some of the most highly diverged sequences there are regions with very weak sequence homology, even in the core, which results in alignments that are not unambiguous. In those cases, alternative alignments to those in Figure 3 may need to be considered, These regions are found on the surface of the molecule and contain numerous solventexposed residues, allowing for greater side-chain variation, Examples are (i) the exposed regions 43 -58 and 182-218 which contain structurally conserved β-strands and turns, and (ii) the exposed amphipathic helices hD (residues 104-116), hE (133-144) and hG (243-253), In the latter case, the sequence alignment of amphipathic helices is also based on the requirement that at certain positions non-polar side chains are conserved that point into the interior of the molecule, while polar residues face outward, Based on the N-terminal sequence only, six other bacterial proteases can be classified as class I (Figure 5 ), Four of these, including the only archaeal subti1ase known (ARB172), appear to be closely related to thermitase, and should cluster in a new thermitase branch (1-T) of the cladogram, Appendix A summarizes all naturally occurring amino acids at topologically equivalent positions, together with various other structural and functional characteristics of each residue. Note that Appendix A is compiled only from the sequences in Figure 3 ,
Structurally conserved regions (SCRs)
The 194 residues that constitute the SCR core, as defined from the four known structures in Figure 2 , are nearly all present in the other subtilases, One minor exception is the absence of residue 37 in several class I family members, Another is the absence of residues 73 -74 in EFCYLA, shortening helix hC; the connection of residue 72 to 82 is feasible since they are nearly adjacent in subtilisin (Figure 4 in McPhalen and James, 1988), A major exception is the absence of various residues in the range 96 -100 in 12 different subtilases, including all of those in class I-E. Structurally, this is quite plausible since it would eliminate part of an external loop whose ends are close together, Catalytically, major changes can be expected since this loop is involved in substrate binding (vide infra), These considerations lead us to redefine the SCR core for all subtilases to only 191 residues, eliminating three residues that are absent in more than one sequence, viz, 37, 98 and 99. This core is shown schematically in Figure 6 as the set of conserved a-helices and β-sheet strands. Highly conserved core residues are listed in Table III . Only II positions are totally conserved; they are found in the active site (D32, H64, S221), substrate-binding region (SI25, G127, G154, G219, T220) and internal helices (G65, G70, P225). Another seven residues are varied only once or twice, including the oxyanion hole residue NI55 (Table III) . Nine of these 18 most conserved residues are glycines, many of which have mainchain torsion angles not allowed for amino acid residues with side chains. In addition, only two different amino acid residues are found at positions 68, 94, 123, 152, 193, 207 ,223 and 229, while three different residues occur at positions 69, 153, 168, 177, 179, 187, 20 I, 205, 213 and 227 . In general, the residues of the two internal helices hC (64 -72) and hF (220 -236) are the most highly conserved in all subtilases. These conserved sequences are most suitable for database searches for new family members (see Materials and methods).
BASBPN AQSV----PYGVSQIK-------APALHSQGYTGSNVKVAVIDSGID BDSM48 QTV----PCGIPYIY-------SRVVHRQGYFGNGV BSIA50 NVxEL----PEGIQVIK-------APQLWAQGFKGSDIKIAVLDTGID
TVTHER YTPNDPYFSSRQYGPQKIQ-------APQAW-DlAEGSGAKIAIVDTGVQ
When only class I subtilases are considered we find no additional conserved residues. On the other hand, the class II subtilases are more highly conserved and contain a total of 58 invariant residues. Protein engineering of these highly conserved SCR residues may lead to major structural alterations of the framework core and concomitant loss of stability and activity.
At numerous other positions in the SCRs there is a distinct conservation of physical properties of side chains, such as size, polar/nonpolar, aromatic ( Figure 3) ; charge conservation is less frequent (see also below). For instance, this applies to the amphipathic helices hA, hB, hD, hE and hG, in which a tremendous sequence variability is allowed as long as the amphiphilic character remains intact. Engineering of these variable SCR residues is a better choice, and one should take account, or make use of these types of side-chain requirements.
Active site
All sequences contain the essential catalytic triad residues D32, H64 and S221. Moreover, the most highly conserved amino acid sequences, as shown in the consensus sequence at the bottom of Figure 3 , occur around these active site residues, namely segments 28-35, 62-74 and 218-233. In addition, all sequences but one contain N155 (in a conserved segment 152-155), that helps to stabilize the oxyanion generated in the tetrahedral transition state (Carter and Wells, 1990) . The only accepted substitution here is N 155D, as is found in HSIPC2, although the effect of this substitution on the catalytic efficiency of this putative protease has yet to be determined (Smeekens and Steiner, 1990) . Table IV lists the positions and lengths of VRs in the subtilase family. Essentially the VRs comprise all the connections between conserved elements of secondary structure, as shown schematically in Figure 6 . The VRs are generally located in loops on the surface of the molecule, allowing for variation in length and amino acid sequence. These VRs range in length from a single residue insertion or deletion (relative to our reference subtilisin BPN'), to a maximal deletion of nine residues and an insertion of lSI residues. Sequence identity or homology is also apparent in some VRs, particularly within class I, class I-E or class II subtilases.
Variable regions (VRs)
Protein engineering of the VRs should present few limitations, and allows for variations of several properties of the enzyme with retention of the structural framework of the core. Some suggestions could be (i) to aim to increase thermal stability by modifying or shortening certain VRs to remove known autoproteolysis sites (e.g. VR11; Kim et al., 1990) , (ii) to introduce, alter or remove loops involved in binding of Ca2+ ions (e.g. VR5, VR6), and (iii) to alter loop sequence and/or length to affect catalytic activity and/or specificity (e.g. VR7). A further description of some of these examples follows below.
Homology modelling strategy
Model building of the three-dimensional structure of a protein from several homologous proteins of known structure is done in several steps; for details see, for example, Sutcliffe et al. (1987a Sutcliffe et al. ( , 1987b and Greer (1981 Greer ( , 1990 . In the first step the threedimensional framework, or SCRs, for the family is defined. This provides the basis for modelling the protein backbone. In subsequent steps the VRs and side chains are modelled and energy minimized.
In the present case of the subtilases we have already defined the SCRs above. The following step could be to calculate an average framework (Blundell et at., 1990) from the main-chain atom coordinates in SCRs of the four known three-dimensional structures. Alternatively, one could use the SCR main-chain coordinates from any of the individual known structures. In the latter case, the most related or homologous structure is preferably used, which can be found by inspection of the family tree ( Figure  4) .
Modelling of all class II subtilases should be based on the structure of proteinase K (TAPROK). Besides the SCRs, many of the VRs of TAPROK can be included in the model, since the VR lengths are often identical and the sequences reasonably homologous (e.g. VR4, VR6, VR9, VR10, VR11). In other VRs modelling of short insertions or deletions is required; the largest deletion is five residues (VR8) and the largest insertion 13 residues (VRI8). The latter should pose problems, because large insertions are most difficult, if not impossible, to reliably predict for obvious reasons. In general, it should be possible to construct reasonably reliable models of all class II subtilases.
Modelling of class I subtilases can be based on the extended core of thermitase or either of the subtilisins BPN' and Carlsberg. In many cases the appropriate VRs from the known structure can be included in the model, particularly for most of the Bacillus proteases which have very few insertions or deletions (with the exception of BSBPF). On the other hand, in the other class I subtilases many VRs may prove extremely difficult to model, since very large insertions are observed in most of them. The most extreme example is LLSK11 which includes insertions of 30 (VR4) , 14 (VR11), 151 (VR13) and 15 residues (VR18) compared with subtilisin, almost doubling the size of the catalytic domain.
Unique insertions and/or sequences in VRs are found in all class I-E subtilases, and these are quite conserved (e.g. VR4, VR5, VR9, VR10, VR11, VR14, VR19). It would be extremely helpful for modelling purposes to determine the three-dimensional structure of one of these unique class I-E subtilases, particularly since there is such a current interest in the biological function of these prohormone convertases.
Protein-engineering strategy
An extensive literature on engineering of subtilisin BPN' has appeared in recent years, partly summarized by Wells and Estell (1988) . This engineering information, in combination with the sequence alignments and homology modelling described above, provides the basis for developing a protein-engineering strategy aimed at altering various catalytic and structural properties of any of the subtilases. Some examples will now be given. Substrate residue nomenclature is according to Schechter and Berger (1967) , where the scissile peptide bond is between the PI and PI' substrate residues. This table is based on known and modelled enzyme interactions with the following polypeptide segments:
Substrate specificity and catalysis
Inhibitors:
Substrates: Gros et al., 1989a,b) , enzyme-substrate complexes (Robertus et at., 1972; Wells et al., 1987a) and from protein engineering of subtilisin BPN' (Estell et at., 1986; Wells et at., 1987a,b) . The enzyme residues known to interact with substrate or inhibitor residues P6 to P3' are summarized in Table V ; we have divided these enzyme residues into those invariant and those variable in all known subtilase sequences (see Figure 3) . Main-chain and/or side-chain interactions between enzyme and substrate (or inhibitor) occur; details of possible hydrogen bonding, hydrophobic and electrostatic interactions can be found in the references above.
In general, the binding site can be described as a surface channel or crevice capable of accommodating at least six amino acid residues (P4 -P2') of a polypeptide substrate (or inhibitor), The N-terminal or P4 -P I specificity side of the substrate lines up between the extended enzyme backbone segments 100 -103 and 125 -128, forming the central strand of a three-stranded antiparallel β-sheet (McPhalen and James, 1988) . The C-terminal or leaving portion PI' -P3' of the substrate appears to be held less tightly as it runs along the enzyme backbone segment 217-219.
Substrate binding is predominantly determined by the binding of the PI and P4 residues in two pockets or clefts on either side of the backbone strand 125 -128. The two sides of the P I cleft are formed by the backbone segments 125 -128 and 152 -155, while the segment 166-169 forms the bottom of the cleft. The P4 pocket, between the strands 101-104 and 126-128, is lined with hydrophobic side chains, i.e. residues 96, 104, 107 and 126 (Wells and Estell, 1988) . In subtilisins and thermitase both pockets are large and hydrophobic, which explains the broad specificity of these enzymes with a preference for aromatic or large nonpolar PI and P4 substrate residues. We propose that variations in the substrate specificity of naturally occurring subtilases should be due to (and can be modified by) modulation of the variable residues in Table V , and in the first place those residues whose side chains interact with PI and P4 substrate residues.
Engineering studies of subtilisin BPN' have demonstrated that PI specificity can be dramatically modulated by substitutions of GI66 at the bottom of the PI cleft (Estell etal., 1986; Wells et at., 1987a,b) . In addition, charged substitutions at positions 166 or 156 (at the PI cleft entrance) shift the specificity to oppositely charged P I residues (Wells et al., 1987b) . When we examine the position 166 in wild-type subtilases, we see that only YLXPR2 and SEEPIP have a negatively charged side chain (Asp); in addition they both contain a negatively charged Asp residue at position 156. This suggests that both enzymes should have a PI specificity for positively charged residues, as was found for YLXPR2 (Ogrydziak, 1988) . The only positively charged 166 residue found is a His in EFCYLA, suggesting a preference for negative P I residues at low pH. In all other subtilases we find that at position 166 rather small, uncharged side chains (G, A, S, T, N) predominate, while at position 156 a side chain with negative charge or a hydroxyl group (D, E, S, T) is most commonly observed. Positive charges do not occur at position 156. Proteinase K and several related class II subtilases have a Tyr at position 166 (Figure 3 ), but since it is rotated away, the PI cleft remains wide and hydrophobic (Betzel et at., 1988a,b,c) . This explains why proteinase K also has a broad PI specificity with a slight preference for aromatic and hydrophobic residues.
In the P4 pocket, we find that hydrophobic side chains are generally conserved in wild-type subtilases, i.e. 96(L,F), 107 (l,V) and 126(L,W). Residue 104 at the pocket entrance varies considerably, from hydrophobic (Y,A,L) to hydrophilic (T,S,N,D), and this exposed residue is known to exhibit conformational flexibility in mutant subtilisins (McPhalen and James, 1988) .
Additional enzyme -substrate interactions to those listed in Table V are to be expected in cases where side chains of enzyme and/or substrate differ from those in the known three-dimensional structures. For instance, since Gly residues are conserved at positions 100, 102 and 128 in all known three-dimensional structures, the possible contribution of other side chains at these positions to substrate binding is unknown. Furthermore, it has been argued that charged residues in lactococcal proteinases at positions 101 and 129, facing outward on opposite sides of the binding crevice, determine the specificity for substrates with charged P3 or P4 residues (Exterkate et at., 1991; Vos et al. , 1991) .
The high specificity of class I-E subtilases for paired basic residues, i.e. Arg/Lys at P2 and Arg at PI, may be facilitated by a high density of negative charge at the substrate-binding face (van de Ven et al., 1990) . This modelling study predicts that the (semi-) conserved residues D33, D61, D97, D104, E107, D130, D 131, D 161, D 165 and D209 in class 1-E subtilases are all in or near the substrate-binding region, and specific electrostatic interactions may occur with the positively charged P2 (e.g. with D33, D97) and PI residues (e.g. with D165).
Finally, substitutions at position 31, next to the active-site residue D32, are known to markedly affect catalytic activity (Takagi et al., 1988) . Branched chain hydrophobic residues were found to be essential for activity, in the order L > I > V. Indeed, the only exception to this rule in wild-type subtilases is M31 in HSIPC2.
Oxidative stability
Chemical oxidation can be a significant source of enzyme inactivation, particularly for enzymes which function extracellularly. Oxidative stability can be improved by replacement of oxidatively sensitive residues, mainly cysteine and methionine, particularly those near the active site. In subtilisin BPN' the residues M124 and M222, both near the active site, are susceptible to oxidation by hydrogen peroxide; the bulky sulphoxide derivative near the catalytic site leads to a reduction of enzyme activity (Estell et al., 1985) . Proteinengineering studies showed that the best alternatives for M222 are the non-oxidizable residues Ala, Ser and Leu; this led to mutant subtilisins with retention of 12 -53 % activity and complete resistance to oxidation (Estell et al., 1985) . Such a mutant M222A (and G 195E) subtilisin called DurazymeR is presently used in a commercial detergent (Riisgaard, 1990) . Figure 3 shows that M222 is most common in wild-type subtilases. Natural variants are L222 (in EFCYLA), Q222 (in BSEPR), S222 (in AVPRCA) and indeed most frequently A222, found exclusively in class I-E subtilases. Interestingly, in the latter case A 124 is the alternative for the other susceptible residue M124. Other natural variants of M124 are Leu, Phe, Val, Asn and Cys. Although C124 appears to be less suitable, since it is also oxidizable, all other natural variants should have improved oxidative stability.
Thermal stability: disulphides and cysteine residues
Disulphide bridges contribute to the overall stability of a protein, and the introduction of new S-S bonds can enhance the thermal stability, as demonstrated in, for example, phage T4 lysozyme (Masazumi et al., 1989) . Table VI shows all naturally occurring Cys residues in the catalytic domain of subtilases. The six disulphide bonds identified to date, as indicated by the double lines and filled circles in Table VI , are 27 -117[ + 11] and 175 -247 in proteinase K (TAPROK; Betzel et al., 1988a,b,c), 61-98 and 163-195 in aqualysin (TAAQUA; Kwon etal., 1988) , both highly thermostable enzymes, and 53 -100 and Based on sequence homology (Figure 3 ), we predict that (i) the two disulphides of TAPROK also occur in the fungal enzymes TAPROR and TAPROT, (ii) the two disulphides of TAAQUA also occur in the bacterial enzymes VAPROA and TRT41A, (iii) the 163 -195 S-S bond connecting the loops VR 10 and VR 13 should also occur in the yeast enzymes SCPRB1 and YLXPR2, and (iv) the two disulphides of DNEBPR also occur in XCEXPR at equivalent positions (Table VI) .
Based on the known three-dimensional structures (Figure 1 ), together with the sequence alignment, we predict that four other natural S-S bonds may occur, as indicated by single connecting lines in Table VI . A nearly equivalent 163-193 (or 164-193) S-S bond to the 163 -195 bond in aqualysin may occur in the class I-E subtilases. The uncertainty lies both in the fact that the C163 and CI64 are almost adjacent, and in the fact that, although the VRIO and VR13 loops are close together, they differ somewhat in length compared with aqualysin. Another disulphide bond 80-213 may occur in all class I-E subtilases, as the residues C80 and C213 should also be close together in adjacent loops. Finally, an exceptional case is the cyanobacterial protease (AVPRCA), since five of its eight Cys residues are unique in their position compared with the other subtilases; the Cys residues predicted to be close enough together to form S-S bonds in AV-PRCA are C68-C224 and CI98-C254; the 68-224 disulphide would be buried directly under the active site.
All the remaining Cys residues in Table VI should not form S-S bonds, because they are either single (e.g. C68 in TVTHER, TAPROK, TAPROR and SCPRB1) or predicted to be too far removed from another Cys residue. The residues C68, C124 and C224 are internal and poorly accessible (Appendix A).
Cys residues are extremely rare in subtilases from Grampositive bacteria and disulphides do not occur: only one Cys is found in TVTHER and two Cys residues located quite far apart topologically in BSISP 1, an intracellular subtilase. This is a general feature of extracellular enzymes in Gram-positive bacteria. All other enzymes, with the exception of AOALPR and ACALPR, contain two to eight Cys residues which can presumably form a maximum of two disulphide bonds (Table VI) .
Numerous attempts have been made, generally with little success, to increase the thermostability of subtilisins by the introduction of S-S bonds. Mutants with single disulphide bonds 22-87, 24-87, 25-232, 29-119, 36-210, 41-80 or 148 -243 did not substantially improve stability Kossiakoff, 1986, 1990; Wells and Powers, 1986; Pantoliano et al., 1987; Mitchinson and Wells, 1989) . However, none of these engineered disulphides corresponds to any of the (predicted) naturally occurring ones (Table VI) . The only successful attempt was the introduction of the 61-98 S-S bond of aqualysin into subtilisin, thereby improving the thermal stability by 4.5°C (Takagi et al., 1990) . In the same study an attempt to introduce a 161-195 disulphide (rather than the natural 163-195 bond in aqualysin) was not successful; the Cys residues did not form an S-S bond.
A computer prediction of the energetically and stereochemically most acceptable sites for introduction of disulphides in subtilisin, under the assumption that no conformational changes occur, produced numerous possibilities (Hazes and Dijkstra, 1988) . Only one of these predictions, , may correspond to a naturally occurring disulphide, as argued above.
We anticipate that introduction of one or more of the six known naturally occurring S-S bonds, summarized in Table VI , may be more successful in improving thermal stability.
Thermal stability: Ca2+-binding sites Binding of Ca2+ ions at specific sites, often in external loops, increases the stability of many proteases by reducing the flexibility of the molecule and hence the denaturation and/or autolysis rate. Three Ca2+-binding sites have been identified in the four known three-dimensional structures (McPhalen and James, 1988; Briedigkeit and Frommel, 1989; Gros et at., 1989a; Gros, 1990) : two high-affinity sites, Cal and Ca2, of about equal strength (Kdiss ≈ 10-10 M), and a low-affinity site Ca3 (Kdiss 10-4 to 10-7 M). Thermitase has all three Ca2+ -binding sites, the subtilisins have Cal and Ca3, and proteinase K has only Ca3. The occupancy of these sites depends on the calcium ion concentration in solution. The Cal site is the only one still fully occupied at 0 mM CaCl2 (Gros et at., 1991) , while the Ca3 site is occupied by a Na+ or K+ ion at low Ca 2 + concentration.
Based on sequence homology (Figure 3 ) and the known ligands of Ca 2 + at these sites, we can now predict Ca2+ -binding sites in all of the other subtilases (Table VII) . Cal and Ca2 sites, both in external loops, are relatively easy to predict since many sidechain carbonyl and/or carboxyl oxygens are required. The Cal site should be present in nearly all of the class I subtilases, but not in SEEPIP or EFCYLA and not in any of the class II subtilases, since they all lack the essential loop 76-81. The Ca2 site should definitely be present in at least five other subtilases than thermitase (viz. BSISP1, LLSK11 , HSFURI, KLKEX1 and VAPROA), but in none of the class I-S subtilases (subtilisin branch). Various other candidates for Cal and Ca2 sites lack one or two side-chain ligands, but these may be provided by adjacent residues. In these cases Ca2+ binding may be strengthened through protein engineering by introducing Asp or Asn residues at the appropriate positions. For instance, an N76D substitution in subtilisin BPN' improved the stability, presumably by strengthening Cal binding (Pantoliano et at., 1989) . It should even be possible to introduce the high-affinity Ca2 site into the class I-S and most of the class II subtilases.
The weak Ca3 site is difficult to predict since it has only two side-chain ligands, both from D197 in thermitase. The mutation D197E weakens or abolishes Ca 2 + binding and this substitution is found naturally in five subtilases, including subtilisin Carlsberg. However, this Ca3 site can be strengthened by the introduction of negatively charged side chains in the vicinity of the bound Ca 2 +, e.g. G131D and/or P172D; the strongest Ca2+ binding at the Ca3 site was achieved by introducing the combination of D 131, D 172 and D 197 (Pantoliano et al., 1988) . Therefore we have used as a criterion for the prediction of binding at Ca3 either the presence of D 197, or of a combination of E197 with D131 and/or D172.
Additional Ca2+-binding sites, not present in thermitase or in the subtilisins, may occur in the subtilases with insertions in VRs. Indeed many of these VRs are rich in Asp, Asn and Glu residues which could provide side-chain ligands.
Charged residues and ionic interactions
Charge is conserved at very few positions in all subtilases, and in fact only the positive charge on residue 94(K/R) and the negative charges on residues D32 (active site) and 41(D/E) are invariable. In class II subtilases charge is also totally conserved at R42, D60 and 0197.
A number of ionic interactions has been located in subtilisin BPN' and thermitase (Teplyakov et al., 1990) , and in proteinase K (Betzel et at., 1988a (Betzel et at., ,b,c, 1990 . Very few of these are conserved amongst the four known structures (Table VIII) . A search for such interacting charged residues at topologically equivalent positions in other subtilases indicates that their occurrence may be rather low, as shown in Table VIII , with the exception of the salt bridges that stabilize the Ca2 site (49-94, 52 -94) and the Ca3 site (197 -247) . This finding is in agreement with observations in other protein families that conservation of ion-pairs is low, unless they have more specific functions to perform (Barlow and Thornton, 1983) . Introduction of ionic interactions, such as those in Table VIII , through protein engineering, may improve enzyme stability towards denaturants, alkaline pH or high temperature. The stabilizing mutation K213R (Cunningham and Wells, 1987) occurs only three times in natural sequences, while the destabilizing mutation K170E is not found at all (Figure 3) .
Aromatic residues and interactions
Aromatic residues are moderately well conserved in all subtilases only at positions 6, 50, 113 and 189. Far more aromatic side chains are totally conserved in the class II subtilases: W6, Y15, Y29, F42, Y82, 113, 189 and 192. Clustered aromatic residues, with potential interactions between them (Table VIII) have been located in thermitase (Teplyakov et al., 1990) . From the sequence alignment we predict that few 4ID(s, 2x}, 75(m}, 77NID(s}, 79(m}. 81(m}. Ca2: 49D/N(s}, 52D/N(s}, 54D(s, 2x}, 56(m}, 58Q(s}, H20(1x}, and stabilized by 94R(s}. Ca3: 194(m}, 197D(s,2x}, H 2 0(4x}. of the listed aromatic interactions are conserved in other subtilases, with the exception of the cluster at residues 48, 50, 91 and 113. Nevertheless, the introduction of aromatic residues at appropriate positions may enhance stability, as has been demonstrated for the M50F mutant of subtilisin BPN' (Cunningham and Wells, 1987; Pantoliano et aI., 1989) .
Random mutants
Through random mutagenesis studies several point mutants of subtilisin BPN' have been identified with either enhanced thermal stability, i.e. S53T, A116E, L126I, S188P, Q206C, N218S, T254A and others (Bryan et aI., 1986; Rollence et al., 1988) , or enhanced alkaline stability, i.e. M50F, I107V and K213R (Cunningham and Wells, 1987) . Combinations of these stabilizing mutations lead to a nearly additive increase in ΔG of unfolding. The substitution N218S increases thermostability by 4°C, due to slightly improved hydrogen bonding.
In the natural subtilases, S218 occurs most frequently, and N218 and T218 are the main alternatives (Figure 3) . Interestingly, the thermostable enzyme aqualysin (TAAQUA) has retained the less favourable N218. At position 254 Ala is already the most frequently occurring residue, while at 107 both Ile and Val occur often. On the other hand, P188 is found only three times, the variants T53, E116 and I126 only once, and C206 does not occur at all.
Discussion
In the present study we have first defined the structurally conserved regions (SCRs) or three-dimensional framework of the catalytic domain of all subtilases, the family of subtilisin-like serine proteases. This framework contains 191 residues and, as shown schematically in Figure 6 , consists in essence of an internal core of seven parallel β-sheet strands (el-e7) and two buried helices (hC and hF), surrounded by five amphipathic helices (hA, hD, hE, hG and hH) and two anti-parallel β-sheet strands (e8 and e9). From the amino acid sequence alignment of 35 members of the subtilase family (Figure 3) we have identified the SCRs in each of these proteases. This knowledge provides the basis for building a three-dimensional model of any of the subtilases. Crude models of lactococcal proteinase LLSK II (Vos et al. , 1991) and the class I-E subtilases, notably furin (van de Ven et al., 1990) have been proposed using these data.
Subsequent steps in homology modelling are to predict the conformations of connecting backbone segments (VRs) between these secondary structure elements, and then the conformations of side chains. Depending on whether the unknown subtilase belongs to class I or class II, the relevant information for these predictions can be obtained from the most similar known structure. For instance, since class II subtilases have relatively high sequence homology and low variation in the VR lengths, their model structures can be derived directly from the proteinase K structure. On the other hand, many of the class I subtilases have numerous inserts in the VRs, which make it impossible to model build them entirely from structural homology. The most remarkable catalytic domains in terms of size are those of SPSCPA and LLSK11, which have 216 and 238 additional residues respectively, inserted in various VRs. The single inserts of 134 and 151 residues respectively, in VR13 are even large enough to be considered as separate (sub)domains. Protein folding is evidently not greatly affected by such large inserts, since the framework secondary structure elements are still able to find each other, despite the fact that they are now much farther apart in the primary sequence. It is also interesting to note that in the lactococcal proteinases (LLSK11 and variants) a much higher frequency of natural point mutations is found in the large insert VR13 than in the SCRs of the catalytic domain (Vos et al., 1991) . This implies that the large insert is under less evolutionary pressure for conservation of structure and function. However, the function of such large inserts and their evolutionary significance remains unclear.
Large inserts such as these found in subtilases have also been observed in other protein families, such as the aminoacyl-tRNA synthetases (Burbaum et al., 1990) . Protein-engineering studies have demonstrated that, at least in some proteins, large insertions or deletions can be made in surface loops without severely affecting protein function or stability (Kuipers et al., 1989; Burbaum et al., 1990; P.Vos et al., in preparation) . This phenomenon can be exploited by grafting loops or even domains with known properties, such as substrate or metal-ion-binding sites, into VRs of subtilases. A recent example of this type of protein engineering is the grafting of a Ca-binding loop of thermolysin into Bacillus subtilis neutral protease (Toma et al. , 1991) .
Next, to be able to predict which residues in each of the subtilases contribute to catalytic activity, substrate binding and structural stability, we have combined information on sequence homology with the known interactions in the three-dimensional structures of our four reference proteins. This knowledge provides the basis for developing a protein-engineering strategy to modify one or more of the properties of these subtilases. After a brief review of the numerous engineering studies performed to date on subtilisin, we have provided similar and new suggestions for protein engineering of the other subtilases.
Important targets for engineering are the industrial proteases, and in particular the extracellular subtilases of Bacillus and Tritirachium used in detergent formulations, and those from Lactococcus and Aspergillus used in food processing. Main goals of protein engineering should be first to tailor the stability of these subtilases to withstand the often harsh industrial conditions of either temperature, pH, pressure, salinity, oxidizing agents or detergents, and secondly to obtain optimal substrate specificity and catalytic activity of these enzymes in specific environments.
In terms of stability, several other factors than the numerous hydrogen bonds and hydrophobic interactions may contribute to overall stability, such as Ca2+ ion binding, disulphide bonds, ionic and aromatic interactions. Clearly, different choices have been made during natural evolution of these subtilases to obtain the proper balance between activity and stability under various environmental conditions. In the thermostable enzymes proteinase K and aqualysin, the two S-S bonds in each structure appear to be responsible for extra stability. On the other hand, in the thermostable enzyme thermitase no S-S bonds are present, and extra stability is apparently achieved by extensive ionic and aromatic interactions, as well as binding of three Ca2+ ions (Tables VI -VIII) . By these criteria, the proteases of Staphylococcus (SEEPIP), Aspergillus (AOALPR) and Acremonium (ACALPR) should be the least stable, since they are predicted to have only the weak Ca3 site and no S-S bonds. In contrast, the class I-E subtilases should be very stable, as we predict one or two S-S bonds in addition to the strong Ca I and Ca2 sites.
It would appear that maximally two disulphide bonds are naturally present in the other known subtilases. However, this number could be increased by engineering of cysteines at appropriate sites as suggested (Table VI ). All three known Ca 2 + -binding sites in TVTHER are predicted to occur only in LLSK11 and possibly in BSISP1 (Table VII) . The other subtilases may be further stabilized by the introduction of the missing Cabinding sites, either by the suggested simple point mutations or by grafting of an entire Ca-binding loop. In general, stabilizing effects of single point mutations in subtilisin have been found to be additive Pantoliano et al., 1989) . However, one should remember that several natural compensatory substitutions are known in subtilisins (McPhalen and James, 1988) , for instance to occupy equivalent internal volumes. This compensatory effect must be taken into consideration in engineering strategy. Furthermore, one must consider that the selection or engineering for high stability can be offset by a lowered activity of the mutant protease.
In terms of substrate specificity and catalytic activity, we have identified the conserved as well as variable residues involved in substrate binding (Table V) . Any variation in specificity of natural subtilases is most likely due to modulation of these variable residues. Engineering studies have demonstrated that the specificity of one subtilase can be completely transferred to a related subtilase by a very limited number of amino acid replacements (Wells et al., 1987a; Vos et al., 1991) . We have provided a hypothesis for the high specificity for Arg/Lys PI residues of some subtilases, and for the specificity for paired basic residues in the prohormone convertases (van de Ven et aI., 1990) . We propose that substrate specificity may not only be modulated by natural variations in the amino acid sequence of segment 96-104, but also by variations in the length of this exposed loop (VR7). Indeed, deletion of residues 97 -101 in BLSCAR abolishes activity (Schülein et al., 1991) and our own engineering studies of LLSK11 have demonstrated that deletions, insertions and point mutations in this loop can alter specificity and catalytic activity (P.Vos, I.van Alan-Boerrigter, P.Bruinenberg, F.A. Exterkate, M.Nijhuis, W.M.de Vos and R.J.Siezen, in preparation) .
Evidently there are numerous ways to modulate substrate binding and specificity in subtilases by protein engineering. It should be obvious though that since so many residues contribute to substrate binding, it may be difficult in most cases to predict the net effect of even a single point mutation in the binding region.
The family tree of the subtilase catalytic domains (Figure 4 ), as deduced from the amino acid sequences, does not represent the simple divergent evolution of a single gene. The ancestral subtilase gene must have been present very early in evolution, prior to the divergence of bacteria, archaea and eukaryotes (Woese et al., 1990) . Duplication of this ancestral subtilase gene, followed by an independent evolution, could explain the presence of subtilases of both classes in Gram-negative bacteria and yeasts. Further duplications must have taken place in later evolution, since at least three distinctly different and specialized subtilases are found in present-day species such as B.subtilis and man.
In some branches of the family tree the catalytic domain gene was coupled to genes coding for different functions, most notably membrane anchoring (Table I ). In the class I-E subtilases this fusion of domains took place prior to the divergence of lower and higher eukaryotes, because considerable sequence homology also exists in parts of their C-terminal extensions (van de Ven et a!., 1990) . Such an extended homology in C-terminal domains also applies for the lactococcal (LLSK 11) and streptococcal (SPSCPA) subtilases (R.J.Siezen and W.M.de Vos, in preparation), but not for the related subtilases from Vibrio (VAPROA) and Thermus (TAAQUA), nor for the multiple subtilases from Bacillus (BSBPF, BSEPR). In the superfamily of trypsin-like serine proteases additional domains have also been added in several cases, both at the N-and C-terminal sides of the catalytic domain, through an evolutionary process called exon shuffling (Doolittle, 1985 (Doolittle, , 1989 Rogers, 1985; Irwin et a!., 1988) . This evolutionary gene or domain coupling process may also apply to the subtilases, but the knowledge of gene intron -exon structure in this family is presently limited to HSFURI (van de Ven et a!., 1990) , TAPROK (Gunkel and Gassen, 1989) , TAPROT (Samal et a!., 1989) and AOALPR (Cheevadhanarah et al., 1991) , and therefore insufficient for analysis of exon shuffling.
Finally, the recent discovery by Tomkinson and Jonsson (1991) of HSTPP, a subtilase family member with a modified function (i.e. exopeptidase rather than endopeptidase) increases the likelihood that subtilases with entirely different, possibly even non-enzymatic functions may have evolved, as previously found in other protein families (Maeda et al., 1984; Huber and Carrell, 1989; Doolittle, 1989 
